Two sediment types were found in five gravity cores collected from water depths between 56 m and 121 m along the northwestern continental margin of India: lime muds were abundant in the lower section while siliciclastic sediments dominated the upper section. Lime mud-dominated sediments in shelf cores contained 60%-75% carbonate, 0.3%-0.6% Sr and terrigenous minerals, whereas those at the shelf break were found to have >90% carbonate, 0.6%-0.8% Sr and traces of terrigenous minerals. Aragonite needles showing blunt edges, jointed needles and needles wrapped in smooth aragonite cement were found to be common. Stable (O and C) isotopes of lime mud indicate a potentially freshwater contribution for shelf cores and purely marine contribution for those at the shelf break. Calibrated radiocarbon ages of the lime muds ranged from 17.6-11.9 ka in different cores. The results reported here suggest that the lime muds in the shallow shelf are probably reworked from the Gulf of Kachchh, whereas those at the shelf break were biodetrital, initially formed on the carbonate platform during low stands of sea level and then exported. The change in lime mud-dominated to siliciclastic-dominated sediments in the cores may be due to climate change and rapid rise in sea level during the early Holocene.
Introduction
Lime muds are produced by several mechanisms: mechanical disintegration of biogenic skeletal components, disaggregation of calcareous green algae, inorganic precipitation, bioerosion, erosion of tidal-flat deposits and bio-geochemical processes (Bathurst 1971) . The modern settings for lime mud formation are largely confined to carbonate platforms (Bahamas, Florida and Belize) or shallow-water ramps (Persian Gulf) (Ginsburg 1956; Lowenstam and Epstein 1957; Cloud 1962;  are reported on the northwestern and southwest Australian margins (James et al 1999 (James et al , 2001 (James et al , 2004 Dix et al 2005) . Fine-grained carbonates are also common in reef environments (Adjas et al 1990) .
Several researchers have attempted to explain the formation of lime mud in modern carbonate settings. Inorganic formation is favoured by Cloud (1962) ; Wells and Illing (1964); De Groot (1965) ; Milliman et al (1993) ; Dix (2001) and Dix et al (2005) , whereas disintegration of codiacean algae and other skeletal materials is favoured by Lowenstam and Epstein (1957) ; Matthews (1966) ; Stockman et al (1967) ; Neumann and Land (1975) and James et al (1999 James et al ( , 2001 James et al ( , 2004 . Lime mud origin has been linked to dense carbonate mud suspensions (whitings) formed from precipitation of fine-grained aragonite in the water column (Broecker and Takahashi 1966; Morse et al 1984; Morse and Mackenzie 1990; Robbins and Blackwelder 1992) . Shinn et al (1989) have also reported that the whitings have resulted from the resuspension of deposited lime mud because of stirring by fish/ocean currents/storms. Lime mud formation through micritization, diminution and syndepositional recrystallization of sediment grains (Miliolid foraminifera and Halimeda) (Macintyre and Reid 1995; Reid and Macintyre 1998) has also been reported. Yates and Robbins (1999) proposed radioisotope tracer of inorganic carbon and Ca for identifying microbial carbonate precipitates. The Sr-rich aragonites of the eastern Mediterranean sapropels have been proposed to be of diagenetic origin (Thomson et al 2004) or from detrital/biogenic source, disintegrated from Halimeda (Reitz and de Lange 2006) . This paper investigates the origin of lime muds from the open-ocean shelf off northwest India and the influence of climate and sea level changes on their deposition.
Geological setting
A drowned carbonate platform is the largest topographic feature on the northwestern continental margin of India (figure 1). This platform was isolated from the coast by a huge clastic depocentre -the Dahanu depression, in which pro-delta sediments have been deposited since the Eocene (Basu et al 1980) . This depression is now filled and forms the inner shelf, consisting of modern siliciclastic sediments. The eastern margin of the platform is now connected to the inner shelf and the platform thus forms an outer shelf of relic sandy carbonate sediments with water depths ranging between 60 and 110 m. As the western slopes of the platform are steep, the term 'carbonate ramp' does not apply. Accordingly, we prefer to use the term 'drowned platform'. The relic deposits on the platform consist of abundant aragonite faecal pellets, ooids, Halimeda grains and a few bivalves, benthic and planktic foraminifers (Rao and Wagle 1997; Rao et al 1994) . Also present are indurated aragonite muds, Halimeda-and pelletal limestones, coralline algal nodules, minor coral fragments, oyster shells and dolomite encrustations (Nair 1971; Nair et al 1979; Rao et al 1994 Rao et al , 2003 . The radiocarbon ages of the above largely range between 12,940 14 C yr BP (14.3 cal. ka) and 7,250 14 C yr BP (7.6 cal. ka) (Rao et al 2003) . Vaz et al (1993) reported lime muds between 150 and 500 m water depth off the Gulf of Kachchh and suggested that these lime muds are detrital and transported from shallow depths.
Materials and methods
Five gravity cores, two from the continental shelf (GC-1, GC-2) and three from the shelf break (GC-3 to GC-5) between 56 and 121 m water depth (figure 1), collected during the 148th cruise of ORV Sagar Kanya, were studied. Core lengths ranged from 5 to 7 m. The cores were sectioned onboard at 2 cm intervals in the upper 2 m but at 5 cm intervals thereafter. Samples from each core (35-66 samples) were selected and calcium carbonate content in a total of 230 sediment samples was measured by weight loss following acidification with 0.1N HCl. Every fifth sample was replicated and reproducibility found to be <5%. Mineralogy was determined by scanning from 25
• 2θ to 35
• 2θ at 1 • 2θ/min on a Philips X-ray diffractometer using nickel-filtered Cu K α radiation. Peak heights of carbonate mineral reflections are measured above the background and weight percentages of minerals were determined using the calibration curve prepared based on mixtures of pure aragonite and calcite. The <63 μm fraction of the sediment was separated by wet sieving following removal of soluble salts by water washing and organic matter by H 2 O 2 and examined under a JEOL 5800 LV scanning electron microscope (SEM). The 63-125 μm fraction of the sediment was also examined.
Bulk sample powders of 0.1 to 0.2 g were weighed and dissolved in 1N HCl for 1 hr at room temperature. The acid-insoluble residue was separated through filtration. The total volume of the filtrate was made up to 100 ml. These solutions together with the standards were analysed for Sr content by using ICP-AES and the weight percentage of Sr relative to total sediment was reported. The accuracy and reproducibility of the results were found to be <5%. Lime muds with more than 70-80 wt% aragonite were analyzed for stable isotopes. The mud fraction of the samples from two cores was treated with 5.3% aqueous solution of sodium hypochlorite for 24 hr to remove the organic matter and was subsequently washed and dried for oxygen and carbon isotope analysis at the University of Wollongong, using Micromass PRISM III mass spectrometer with a Multiprep acid-on-individual-carbonate device with analytical conditions (Chivas et al 2002) . The precisions of the results for δ 13 C and δ 18 O were found to vary from 0.02‰ to 0.07‰ and 0.04‰ to 0.12‰, respectively. Bulk samples of lime mud from each core were sent to Birbal Sahni Institute of Palaeobotany (BSIP), Lucknow, for radiocarbon age measurements. Measured 14 C ages were calibrated using CALIB rev. 4.3 of Stuiver et al (1998) . During calibration, a local deviation in ΔR−163 ± 30 for the northern Arabian Sea was used (Dutta et al 2001) . Calibrated ages (referred here as ka) are discussed in the text (table 1) . Core logs showing colour, carbonate and sand content, Sr content and radiocarbon ages are depicted in figures 2 and 3. The SEM photos of lime muds are given in figure 4 and scatter plot using stable isotopes of lime muds in figure 5.
Results
The sediments in the gravity cores exhibited two distinct sedimentary units, a lower unit 2 and an upper unit 1. Unit 2 consisted of abundant lime muds, whereas unit 1 consisted of a mixture of terrigenous and carbonate sediments, or predominantly terrigenous sediments.
Gravity cores from the continental shelf (GC-1 and GC-2)
Lime muds predominated in unit 2 of these cores and that contained 50-60% carbonate in GC-1 and ∼75% in GC-2 (figure 2). The aragonite content of carbonates varied from 73% to 80% in GC-1, but was higher than 90% in GC-2. Aragonite needles exhibited blunt edges and were associated with detrital particles (figure 4a). Sand content in unit 2 of the cores was <5%. In GC-1 it comprised mica, quartz, pyrite, rounded bioclasts/pellets, Uvigerina sp. and ostracods at different intervals. In GC-2, it comprised subrounded-to-rounded bioclasts, pelletal material, and a few ostracods and bivalves at different intervals. The unit 1 sediments of GC-1 core comprised green grains, green clay infillings of planktic/benthic foraminifers and their aggregates.
The average Sr content of the lime muds (unit 2) was 0.29% in GC-1 and 0.55% in GC-2. Sr content increases with increasing weight percentage of aragonite in GC-2 (figure 5a). It gradually decreased from transition to the core top of unit 1 sediments in both cores. The δ
18 O values of the lime muds ranged between −0.1‰ and −0.5‰ and, −0.3‰ and −0.5‰ in GC-1 and GC-2, respectively. Similarly, the δ 13 C values ranged between 2.6‰ and 2.9‰ and, 2.4‰ and 3.0‰ in GC-1 and GC-2, respectively (table 2). The isotope values of lime muds formed a separate group ( figure 5b, c) .
The age of lime muds of GC-1 and GC-2 ranged between 17.6 and 12.8 ka and 13.0 and 12.0 ka, respectively (table 1). Older sediments overlay the younger sediments in unit 2 sediments of both the cores (figure 2).
Gravity cores from the shelf break (GC-3, GC-4, GC-5)
The lime muds (unit 2) contained 90-95% carbonate in GC-3-GC-5 ( figure 3) . The weight percent of aragonite was >95 and low-Mg calcite was <5. (see table 2 ) are from Lowenstam and Epstein (1957) . Ooid data (unpublished data of Rao and Milliman) .
The sand content of unit 2 sediments in GC-3 and GC-4 was relatively higher (25-50%) than in GC-5 (<25%). The sand comprised largely spherical to ovoid particles and pelletal material, which were aragonitic in composition. The unit 1 sediments of GC-3 and GC-4 were more terrigenous in nature, which increased with decrease in carbonate content (figure 3).
Lime muds under SEM exhibited clusters or aggregates morphologically similar to spheroid or ovoid-type particles ( figure 4b-d) . Repeated investigations on the untreated and H 2 O 2 -treated lime muds confirmed the presence of spheroids and ovoid-type particles. On higher magnification, the spheroid or ovoid-type particles consisted of wrapped aragonite needles. The needles exhibited rounded ends or blunt edges. Jointed partly radiating needles (figure 4e-f) and needles wrapped in a smooth envelope of aragonite (see between arrows in figure 4e) were also seen. In some cases coccoliths were associated with the aragonite needles (figure 4b). Lime muds in the size fractions 63-125 μm and >125 μm also contained similar spherical and ovoid particles, formed by aggregation of aragonite needles. Figure 4 (g) shows larger sphere composed of aggregates of smaller spheres. These spheres also contained wrapped aragonite needles (figure 4h-i). In fact, abundance of these particles increased the sand content in unit 2 sediments of GC-3 and GC-4 (figure 3). Heavily fragmented prismatic or smaller rods of aragonite needles were also seen at some places.
The average Sr content of the lime muds was 0.66% in GC-3, 0.58% in GC-4 and 0.77% in GC-5. Plot of Sr vs. aragonite content showed that Sr values of ooids were the highest, lime muds of GC-4 were lowest and Sr of lime muds of GC-3 and GC-5 plot below ooids and above lime muds of GC-4. The Sr values in unit 1 sediments of GC-3 and GC-4 decreased from transition to the core top but remained high (avg. 0.76%) in GC-5.
The δ 18 O and δ 13 C values of lime mud ranged between 0.0‰ and 1.4‰ and between 3.8‰ and 4.4‰, respectively (table 2). The isotopic values of lime muds were within, or slightly lower than the range for ooids (see figure 5b-c) , but within the range of values for sedimentary aragonite needles (see figure 5d) . The radiocarbon ages of the lime muds varied from 16.1 to 14.0 ka, 12.8 to 11.9 ka and, 14.1 to 13.0 ka in GC-3, GC-4 and GC-5, respectively (figure 3; table 1).
Discussion

Origin of lime muds
The aragonite content of the lime muds (unit 2) varied from 73-80 wt% in GC-1, >90% in GC-2 and >95% in GC-3-GC-5. The lime muds therefore, are referred here as aragonite muds or aragonite-dominated lime mud.
Shelf cores
The origin of lime muds may be discussed based on their Sr content and stable isotopes. rather than in open shelf, or that the lime muds were subaerially exposed and thus altered after their formation on the shelf. Core GC-1 is located off the Gulf of Kachchh (figure 1) which has a maximum water depth of 40 m with 5-6 m high tides. At present, lime muds do not form either in the Gulf or in the tidal flats of the Gulf of Kachchh. The older ages of the muds in core GC-1 do not agree with their formation during shallow sea level conditions of the shelf (e.g., figure 2 shows the 15 ka aged lime muds in core GC-1; the sea level was at −100 m at ∼15 ka (Fairbanks 1989) , whereas GC-1 was collected at 56 m depth). Therefore, it is likely that the water in the Gulf may have been conducive for the growth of aragonite-producing plants at ∼15 ka. Subsequently, these muds were reworked, admixed with clastic sediments and exported onto the shelf. Blunt aragonite needles (figure 4a) and their association with abundant terrigenous clays (45-50%) suggest that the muds are reworked. As the transport of terrigenous sediments by river outflows may have led to a periodic bath of mud in less saline waters, the depleted isotopic values of lime muds may also arise from diagenesis. Lime muds of younger ages underneath the older muds (figure 2; table 1) support the argument that these muds were reworked. Alternatively, the lime muds are entirely from the shelf, but varying admixtures of older carbonates that exposed during low sea levels and younger carbonates. The core GC-2 is located closer to the carbonate platform. Variable Sr values (0.25-0.6%) for higher aragonite content (85-90%, figure 5a) probably suggest that the aragonite muds are mixture derived from the shelf and carbonate platform.
Cores at the shelf break
The lime muds in GC-3-GC-5 showed highest carbonate (90-95%) and aragonite (>95 wt%). The Sr content of the inorganically precipitated aragonite needles (>0.85-1%) is higher than that derived from disintegration of high-Sr (0.63-0.85%) skeletal materials (Milliman et al 1993) . The Sr values of the lime muds (0.58-0.77%, figure 3 ) would be compatible with a large proportion of aragonite needles derived from post-mortem disaggregation of the high-Sr skeletals, such as corals and other codiacean algae. A few coral fragments are known to occur on the carbonate platform (Rao et al 2003) . Since the mechanical production of silt and clay-sized sediment from the corals is low (<2%, Milliman 1974 and upto 20%, Gischler and Zingeler 2002) , larger contribution of aragonite needles may be from codiacean algae. This argument is well supported by the reported occurrence of Halimeda bioherms on the carbonate platform (Rao et al 1994) . Moreover, Rao et al (1994) reported rounded, smaller (<2 mm) Halimeda grains than the actual Halimeda plates (5 mm) on the platform. This implies that the original Halimeda plates were decomposed and the muds thus produced were exported to the shelf break. Heavily fragmented prismatic aragonite needles support high-energy conditions and disintegration from aragonite secreting skeletals. The Sr/Ca ratios estimated for the lime muds in cores GC-3 (0.022-0.024) and GC-4 (0.020-0.021) are close to that of Halimeda (0.024) reported by Thomson et al (2004) and Reitz and de Lange (2006) , suggesting that the muds were disintegrated from Halimeda. The Sr values of lime muds thus simply point to bioclastic origin.
The aragonite blades with blunt terminations and prismatic ends, rods showing rounded ends, jointed needles (figure 4e-f) and rods emanating from the envelope of mineralized aragonite (figure 4e) are typical characteristics to suggest that they were disintegrated from the soft tissues of algae (see Loreau 1982; Macintyre and Reid 1992) . The stable isotope values of aragonite muds are within the range for sedimentary aragonite needles, but much higher than that for Halimeda and Penicillus (figure 5d). Despite the fact that the sedimentary aragonite needles are of organic origin (Lowenstam and Epstein 1957) , their isotopic values are slightly higher than that of aragonite algae (see figure  5d ).This implies that equilibrium precipitation (in isotopic composition) of needle muds occurs in algal muds undergoing decomposition. Macintyre and Reid (1995) have shown that aragonite needles constitute only 25-40% of many of the codiacean algae. Reid and Macintyre (1998) further reported alteration in all types of skeletal grains accompanied by mineralogical changes from Mg-calcite to aragonite or vice-versa. They found that cryptocrystaline grains of aragonite are the fundamental source of lime muds. The lime muds studied here contained abundant aragonite with traces of (low-magnesium) calcite. There were no cryptocrystalline nannograins or minimicrites observed under SEM. This suggests that the alteration of aragonite to Mg-calcite is insignificant in the lime muds investigated here.
The aragonite needles were aggregated into spheroid and ovoid-type particles (figure 4). Such needle aggregates were also reported in the Mediterranean sapropels and suggested that these are the end products of natural disintegration of Halimeda (Reitz and de Lange 2006) . The same explanation may be valid for the aggregates reported here. Since indurated aragonite muds were known to occur from the platform, the alternative explanation could be that the partly indurated lime muds deposited on the shelf may have been reworked by bottom currents resulting in its breakdown and formation of subrounded-to-rounded aggregates of aragonite needles. The lime muds of relatively older age occurring above that of younger age in different cores also support that the lime muds were biodetrital and exported from the platform.
Controls on the sedimentation of lime muds
The core GC-1 is located off the Gulf of Kachchh which was tectonically disturbed during the late Quaternary (Rao et al 2003) . Since the lime muds in GC-1 were reworked from the Gulf of Kachchh, the history of the lime muds will be dealt separately.
The age of lime muds recovered in core GC-2-GC-5 ranges between 16.1 and 11.9 ka BP (see figures 2-3). As the cores could not penetrate the entire lime mud section and recovered only lime mud as old as 16.1 ka, it is difficult to pinpoint when lime mud production started on the platform. Moreover, the ages (between 14.3 and 7.6 ka BP) and depths (110-60 m) of surficial carbonates on the platform (Rao et al 2003) do not compare with that of the glacioeustatic sea level (Fairbanks 1989) , or regional sea level data reported by several researchers for the Indian Ocean (Zinke et al 2003; Camoin et al 2004; Woodworth 2005; Woodroffe 2005 ). Younger aged carbonates at deeper depths and vice versa were reported on the platform (Rao et al 2003) . It is therefore difficult to bring out the relationship between bathymetry and relative position of sea level and sites of carbonate production on the platform. Although the platform on the NW margin of India (17 • E) are located in different hemispheres, they exhibit similar characteristics. The period of lime mud production on the former (16.1-1.9 ka) coincides well with that of lime muds and ooids production (15-12 ka) on the latter (Dix et al 2005; James et al 2005) ; this suggest similar environmental conditions (low stands of sea level and tropical climate) for carbonate mud production. After 11.9 ka BP, the lime mud sediment deposition gradually changed to terrigenous-dominated sediments (figures 2 and 3). Van Campo (1986) and Sirocko et al (2000) reported that the SW monsoon was reactivated after the LGM with its maxima intensity after the Younger Dryas event at ∼11.5 ka.
Rapid rise in sea level was also reported at ∼12 ka BP. The climate change that induced a flood of siliciclastics, and rapid rise in sea level probably terminated suitable conditions for carbonate mud production. James et al (2005) and Dix et al (2005) proposed changing oceanography and rapid rise in sea level for the termination of carbonate muds off the NW Australia. It thus appears that the production and termination of carbonate muds during the late Quaternary was a regional event in the Indian Ocean and associated with low stands of sea level.
Conclusions
Lime muds occurred abundantly in the lower sections of the five sediment cores collected off the northwest India. The lime muds were admixed with 25-40% terrigenous material on the shelf but <5% terrigenous material at the shelf break. Lime muds were dominated by aragonite. The Sr content, SEM and isotope studies and radiocarbon ages of lime mud indicate that the lime muds are biodetrital, formed at low stands of sea level with a potential freshwater contribution for those on the shelf and purely marine contribution for those at the shelf break. The change from lime mud-dominated to terrigenous-dominated sediments after 12 ka may be due to climate change and rapid rise in sea level during the early Holocene.
